Kisspeptin-GPR54 signaling plays an essential role in normal reproduction in mammals via stimulation of gonadotropin secretion. Here, we cloned the porcine KISS1 cDNA from the hypothalamic tissue and investigated the effect of estrogen on the distribution and numbers of KISS1 mRNA-expressing cells in the porcine hypothalamus. The full length of the cDNA was 857 bp encoding the kisspeptin of 54 amino acids, with the C-terminal active motif designated kisspeptin-10 being identical to that of mouse, rat, cattle, and sheep. In situ hybridization analysis revealed that KISS1-positive cell populations were mainly distributed in the hypothalamic periventricular nucleus (PeN) and arcuate nucleus (ARC). KISS1 expression in the PeN of ovariectomized (OVX) pigs was significantly upregulated by estradiol benzoate (EB) treatment. On the other hand, KISS1-expressing cells were abundantly distributed throughout the ARC in both OVX and OVX with EB animals. The number of KISS1-expressing neurons was significantly lowered by EB treatment only in the most caudal part of the ARC, but other ARC populations were not affected. The present study thus suggests that the PeN kisspeptin neurons could be responsible for the estrogen positive feedback regulation to induce gonadotropinreleasing hormone/luteinizing hormone (GnRH/LH) surge in the pig. In addition, the caudal ARC kisspeptin neurons could be involved in the estrogen negative feedback regulation of GnRH/ LH release. This is the first report of identification of porcine KISS1 gene and of estrogen regulation of KISS1 expression in the porcine brain, which may be helpful for better understanding of the role of kisspeptin in reproduction of the pig.
INTRODUCTION
Kisspeptin (first named metastin), a peptide product of Kiss1 gene [1] , is a neuropeptide that has been proposed to mediate neuroendocrine regulation of reproduction. This gene was originally discovered as a tumor-suppressor gene in human cancer cell lines [2] and then reidentified to code an endogenous ligand for a G-protein-coupled receptor, GPR54 [1, 3] . It has been shown that loss-of-function mutations of GPR54 lead to hypogonadotropic hypogonadism and impaired sexual development in mice and humans [4, 5] , implying a critical role for GPR54 signaling in pubertal development. Kiss1 gene expression is observed in several organs, including the brain in rat and humans [1, 3, 6, 7] , and Kiss1-expressing neurons are mainly localized in two discrete regions in the hypothalamus in mice and rats, such as the anteroventral periventricular nucleus (AVPV) and hypothalamic arcuate (ARC) nuclei [8, 9] . Both of the nuclei have been considered targets for estrogen feedback actions on gonadotropin-releasing hormone (GnRH) secretion in rodents [8, 10, 11] . Interestingly, Kiss1 mRNA expressions are positively regulated in the AVPV and negatively regulated in the ARC, suggesting that these kisspeptin neurons are targets for positive or negative feedback action of estrogen on GnRH release, respectively [8, 10, 11] . Accumulating evidence further showed that central or peripheral administration of kisspeptin stimulates GnRH-dependent luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion in various mammalian species from rodents to humans [9, [12] [13] [14] [15] [16] , suggesting that kisspeptin plays an essential role in governing reproductive functions throughout species.
The pig is one of the most important domestic animals for meat supply, but the mechanism regulating reproduction, such as regulation of GnRH/gonadotropin release, is not fully understood to date. Lents et al. [17] recently reported that central or peripheral administration of the full length of human kisspeptin effectively stimulates LH and FSH release in prepubertal gilts. This strongly suggests that the kisspeptin-GPR54 system also plays a pivotal role in GnRH/LH-releasing system and mediates estrogen feedback regulation in the pig. Because the sequencing of porcine genome has shown rapid advances recently, identification of porcine KISS1 gene or its distribution in the brain is critical to the understanding of the mechanism of GnRH/gonadotropin release and its application to the artificial control or pathological analysis of gonadal axis.
In the present study, we identified the full-length cDNAencoding porcine KISS1 from the hypothalamic tissue, and we investigated the effects of estrogen on the numbers and distribution of KISS1-expressing neurons through the hypothalamus in ovariectomized (OVX) sows. diet and had free access to water. Male (Landrace; n ¼ 1) and female (Landrace and F1 hybrid Landrace 3 Large White; n ¼ 12) pigs were used.
One Landrace male pig (6 mo old, 122 kg in body weight), castrated at the age of 1 mo, was used to clone KISS1 cDNA.
Twelve mature Landrace and F1 hybrid (Landrace 3 Large White) sows (11-12 mo old; ;150 kg in body weight) were used for in situ hybridization and LH analyses, within which nine animals were OVX for at least 2 wk, and six OVX females were treated with a single injection of estradiol benzoate (EB) at the dose of 10 lg/kg body weight (OVX þ EB). Brain tissues were collected for in situ hybridization from 1000 to 1500 h on August 20 (no. L302) and October 2 (no. L351) 2008, and January 20 (nos. LW532 and LW697), March 26 (no. LW658), and May 15 (no. LW707) 2009. EB was dissolved in peanut oil (1 mg/ml) and administered intramuscularly at 1000 h. Animals were killed 48 h after the EB treatment to analyze the expression of KISS1 gene in the brain.
All animal treatment procedures were conducted in accordance with the National Research Council Publication Guide for Care and Use of Laboratory Animals [18] and the guidelines of the Committee on Animal Experiments of the Graduate School of Bioagricultural Science, Nagoya University.
Cloning of Full-Length Sequence of Porcine KISS1 cDNA
The hypothalamic tissue was collected at a local slaughterhouse within 10 min after exsanguination and was flash frozen in liquid nitrogen and stored at À808C until RNA extraction. Total RNA was isolated from hypothalamic tissues of castrated Landrace pig with ISOGEN (Nippon Gene, Tokyo, Japan). The full-length cDNA encoding porcine KISS1 was obtained by 5 0 rapid amplification of cDNA ends (RACE) and 3 0 RACE-PCR using the GeneRacer Kit (Invitrogen, Carlsbad, CA) with gene-specific primers (Supplemental Table  S1 , available online at www.biolreprod.org) according to the manufacturer's instructions. The gene-specific primers used in this study were designed based on the sequence deduced from the comparison of mouse mRNA sequence of Kiss1 (accession no. NM_178260), with all sequences available in the pig 0 RACE analysis were subjected to preparation of the KISS1 cRNA probe for in situ hybridization.
In Situ Hybridization Analysis
The OVX (n ¼ 3; nos. L351, LW532, and LW658) or OVX þ EB (n ¼ 3; nos. L302, LW697, and LW707) animals were intravenously injected with 40 000 units of heparin and then deeply anesthetized with sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan). They were perfused bilaterally through the carotid arteries with 5 L of 0.05 M PBS, pH 7.4, containing 13 000 U/L heparin, and then 5 L of 4% paraformaldehyde in 0.05 M PB, pH 7.4. The hypothalamic tissue was dissected out, postfixed overnight in the same fixative at 48C, and then immersed in 30% sucrose in 0.05 M PB at 48C until it sank. In situ hybridization analysis on the coronal sections (50-lm thickness) of the hypothalamus taken from OVX or OVX þ EB animals was performed as described previously [8, 19] . Briefly, the hypothalamic tissues were sectioned on a cryostat, and every four sections were pooled. Digoxigenin (DIG)-labeled antisense and sense cRNA probes for porcine KISS1 were synthesized by in vitro transcription from the cDNA clones. Hybridization with DIG-labeled cRNA probes was carried out at 608C overnight, and hybridized probes were detected using an alkaline phosphatase-conjugated anti-DIG Fab fragment (Roche Diagnostics, Mannheim, Germany) and 5-bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium chloride (Roche Diagnostics). The sections stained with the sense probe were used as controls for nonspecific hybridization, and no positive staining was found with the sense probe (data not shown). Localization of the neuronal nuclei was determined based on the brain atlas described by Félix et al. [20] . Numbers of KISS1-expressing cells were counted under a light microscope, and the sum of the cell number in brain sections, including periventricular nucleus (PeN) and ARC (18 sections divided into three parts, PeN1-PeN3; 30 sections divided into five parts, ARC1-ARC5) was obtained.
Blood Sampling and LH Assay
Intact sows in estrous stage (n ¼ 3) and EB-treated OVX sows (n ¼ 3) were used to confirm that the current EB treatment mimics the preovulatory level of circulating estrogens to induce LH surge, as previously reported [21] . For blood sampling, a 16-gauge jugular catheter (Medicut; Nippon Sherwood Medical Industries, Tokyo, Japan) was inserted through the auricular vein into the jugular vein in the animals at least 1 wk before the sampling. Blood samples were collected through the indwelling catheters every 4 h for 6 days in unanesthetized and unrestrained conditions. All surgical procedures were performed under aseptic conditions using inhalational anesthesia with nitrous oxide and isoflurane in a combination with mafoprazine (Kawasaki Mitaka Seiyaku, Kanazawa, Japan).
FIG. 2.
Comparison of amino acid sequence organization of kisspeptin among different species. A) Alignment of amino acid sequence of pig, human, cattle, sheep, rat, and mouse kisspeptin. Numbers indicate amino acid position. Identical and similar amino acid residues are marked with asterisks and dots, respectively. Shaded box shows the kp-10 region that is especially conserved through the mammalian species. B) Phylogenic tree of amino acid sequences of kisspeptin available from each database. Unrooted tree was built using neighborjoining based on alignment of kisspeptin amino acid sequences. Scale indicates divergence time. The plasma LH concentrations were measured by radioimmunoassay (RIA) using a kit provided by the National Hormone and Peptide Program (Baltimore, MD) and were expressed in terms of NIDDK-pLH (AFP11043B). AFP11043B was also used for radiolabeling. The least detectable level was 0.078 ng/ml for 50 ll of plasma samples. Intraassay and interassay coefficients of variation were 14.2% at 0.48 ng/ml and 15.5% at 0.587 ng/ml, respectively.
Estrous Detection
The period of estrus was determined by assessment of estrous behavior, in which pressure was applied manually to the sow's back in the presence of the boar. Females that showed a standing estrous reflex were considered to be in estrus. Estrous detection was performed at every blood sampling.
Statistical Analysis
Statistical comparison in the numbers of the cells expressing KISS1 mRNA between OVX and OVX þ EB groups was performed by unpaired Student ttest. In the evaluation of LH secretory profile, the time point with the LH peak was designed as Hour 0. Hourly changes in LH levels in intact and OVX þ EB females were analyzed by two-way ANOVA (main factors, treatment and time), and then differences in LH levels at each time and the basal LH levels (at À48 h from the LH peak) in the same group were determined by Bonferroni posthoc test. Area under the curve (AUC) for each plasma LH profile between Hours À40 and 40 from LH peak was calculated, and statistical differences in AUC values between groups were determined by unpaired Student t-test.
Genbank Accession Numbers
All sequence data were obtained from the NCBI (http://www.ncbi.nlm.nih. gov/). The accession numbers are: human KISS1, NM_002256; chimpanzee KISS1, XM_514123; cattle KISS1, XM_867473; sheep KISS1, DQ059506; mouse Kiss1, NM_178260; rat Kiss1, NM_181692.
RESULTS

Characterization of Porcine KISS1 Gene
The cDNA encoding porcine KISS1 was derived from mRNA isolated from the hypothalamic tissue of castrated Landrace pig. The 5 0 and 3 0 regions of the cDNA were obtained by 5 0 and 3 0 RACE using gene-specific primers (Supplemental Table S1 ). Nucleotide sequencing revealed that the full length of KISS1 cDNA was 857 bp, including an open reading frame (ORF) of 417 bp that encoded a 138-amino acid polypeptide (Fig. 1A) . It also contained 301 bp of 5 0 untranslated region (5 0 UTR) and 139 bp of 3 0 UTR with a consensus polyadenylation signal (AATAAA) 20 bp upstream from poly(A) tail. BLAST search within the genome database revealed that the porcine KISS1 gene is located on the chromosome 9 and spans over 6 kb composed of three exons (269, 135, and 431 bp) and two introns (2995 bp and 2151 bp; Fig. 1B) . To investigate the conservation and genomic organization of the KISS1 loci, we performed syntenic analysis comparing chromosomal regions harboring the KISS1 gene using the GenomeMatcher program [22] . Human KISS1 gene is located on chromosome 1q32.1. Comparative mapping of genes surrounding KISS1 revealed that local gene inversion and deletion could be observed within the region around KISS1 in the pig, but that the gene order and linkage distance were well conserved between human and pig genomes (Fig. 1C) , thus confirming that it is the true ortholog of KISS1 in the pig. The sequence of porcine KISS1 has been submitted to the DNA Data Bank of Japan, EMBL, and GenBank nucleotide databases under accession no. AB466320.
The deduced amino acid sequences of porcine KISS1 protein contained several potential processing sites for cleavage. Putative signal peptide predicted by SignalP program (http://www.cbs.dtu.dk/services/SignalP/) was located from 1M to 17S of the KISS1 protein. Further, two potential processing sites identified from earlier studies in humans were conserved in the pig as the positions of 65P-66R and 121G-122K-123R [1, 23] . Processing of the porcine KISS1 protein in the same manner as human KISS1 protein would liberate a Cterminal amidated peptide with 54 amino acid residues (i.e., kisspeptin; Fig. 1A) . Comparison of overall amino acid sequence of kisspeptin revealed that porcine kisspeptin exhibits 74.07%, 74.07%, 81.48%, 77.78%, 74.07%, and 75.93%, similar to those from human, chimpanzee, cattle, sheep, rat, and mouse, respectively. The C-terminal 10 amino acid residues designated kisspeptin-10, which were previously reported as the smallest motif for receptor binding and receptor activation [1] , especially showed strong homology among mammalian species, in which all amino acid residues except for the Cterminal residue (F in primates, Y in others) were identical ( Fig. 2A) . Phylogenic analysis performed by ClustalW2 program (www.ebi.ac.uk/Tools/clustalw2/) showed that porcine kisspeptin belonged to the group containing human and chimpanzee but was different from the group of other livestock species, such as cattle and sheep (Fig. 2B) .
Hypothalamic Distribution of KISS1-Expressing Neurons in OVX Sows in the Presence and Absence of Estrogen
In situ hybridization analysis using the probes corresponding to the region 157-652 of KISS1 cDNA revealed that KISS1 mRNA was mainly detected in PeN and ARC in the OVX þ EB animals (Figs. 3 and 4) . KISS1 mRNA was barely detected in the PeN of OVX females (Fig. 3A) , whereas a large number of KISS1 mRNA-expressing cells were found in the EB-treated animals (Fig. 3E) . The number in the PeN was significantly
sows (n ¼ 3) at spontaneous estrus and EB-treated OVX animals (n ¼ 3). The time at LH surge peak is designated Hour 0. Horizontal bars in each panel indicate the behavioral estrus, and arrows indicate the timing of EB (10 lg/kg) administration. B) Mean plasma LH levels in intact (open circles; n ¼ 3) and EB-treated OVX (closed circles; n ¼ 3) sows. The time at LH surge peak is designated Hour 0. *P , 0.05 (twoway ANOVA followed by Bonferroni test) compared to baseline LH level at Hour À48 in intact animals. P , 0.05 (two-way ANOVA followed by Bonferroni test) compared to baseline LH level at Hour À48 in OVX þ EB animals. C) The AUC of plasma LH concentration during the LH surges. The AUC for each plasma LH profile between Hours À40 and 40 from LH peak was calculated. Values are means 6 SEM (n ¼ 3). No significant difference was found between groups (Student t-test).
higher in EB-treated OVX pigs than in OVX females (PeN2 and PeN3 in Fig. 4B ). On the other hand, KISS1-expressing cells were widely distributed throughout the ARC in both OVX and OVX þ EB animals (Figs. 3, B-D, F, and G, and 4) . The cell number in the most caudal region of the ARC was significantly lower in EB-treated OVX sows compared with OVX females without EB treatment (P ¼ 0.014; Fig. 3, D and H, and ARC5 in Fig. 4C ).
Effects of Estrogen Treatment on Plasma LH Profiles in OVX Sows
The EB treatment in the present study mimicked the preovulatory level of circulating estrogens, because the EBinduced increase in plasma LH levels accompanied with estrous behavior was similar to those in intact sow at spontaneous estrus (Fig. 5A) . Two-way ANOVA analysis (main factors, treatment and time) showed no significant difference in plasma LH levels between intact and OVX þ EB animals (Fig. 5B) . Mean plasma LH levels in EB-treated OVX sows showed a significant (P , 0.05; Bonferroni test) increase and reached a peak at 57.3 6 1.3 h (mean 6 SEM) after EB injection (Fig. 5, A and B) . The AUC for plasma LH levels was similar between intact sows at spontaneous estrus and EBtreated animals (Fig. 5C) .
DISCUSSION
In the present study, we identified the KISS1 gene expressed in the porcine hypothalamus. The porcine KISS1 gene is located on chromosome 9, and a fairly high degree of syntenic conservation was observed between parts of human chromosome 1q and pig chromosome 9, strongly suggesting that the sequence identified here is the true porcine ortholog of KISS1. The full-length cDNA of porcine KISS1 gene was 857 bp, including an ORF of 417 bp that encoded a 138-amino acid polypeptide. It possesses the potential processing sites with conservation of the hallmark residues [1, 23] , and subsequent cleavage at the sites would liberate mature KISS1 protein with 54 amino acids; namely, kisspeptin. The primary structure of porcine kisspeptin showed fairly high homology (74%-81%) with those of other mammals. The C-terminal 10 amino acid residues of kisspeptin-10, which are the minimal essential sequence for the high-affinity receptor activation [1] , were highly conserved throughout mammals, except for the Cterminal residue: F in primates or Y in others. Phylogenic analysis of mammalian kisspeptins reveals an interesting classification of them. Porcine kisspeptin belonged to the group containing human and chimpanzee, indicating that porcine kisspeptin is closer to those of primates than other domestic species and rodents.
Expression of the porcine KISS1 mRNA was found in two hypothalamic regions, PeN and ARC (Figs. 3 and 4) . KISS1 expression in the PeN was profoundly increased after estrogen exposure in OVX females, whereas the expression was undetectable in the absence of estrogen treatment. The current EB treatment was confirmed to mimic the spontaneous preovulatory level of circulating estrogens to induce LH surge and estrous behavior, because the EB-induced LH surge was identical to the spontaneous one. In rodents, the AVPV kisspeptin neuronal population is considered to mediate estrogen positive feedback action on LH release [8] . Likewise, the present results suggest that the KISS1 neurons located in the PeN are involved in the positive feedback action of estrogen on GnRH/LH secretion in the pig. In this context, porcine PeN kisspeptin neurons could be equivalent to the rodent AVPV kisspeptin neurons, in which ERa is coexpressed and estrogen exerts positive regulation of Kiss1/kisspeptin expressions [8, 10, 11] . In the pig, a large population of GnRH neurons is localized in the medial preoptic area and the organum vasculosum of the lamina terminalis, as has been reported in other mammals, such as rodents and ruminants [24] [25] [26] [27] . Recently, Lents et al. [17] reported that central and peripheral administration of the full length of human kisspeptin effectively stimulates LH and FSH release in prepubertal gilts. Further, porcine kisspeptin receptor GPR54 was identified with an abundant expression in the hypothalamus [28] . Taken together with the current result, PeN kisspeptin neurons may be responsible for positive feedback action of estrogen to induce a preovulatory GnRH/LH surge.
Kisspeptin neurons in the ARC have been commonly characterized as the target of feedback action of estrogen to control GnRH/LH secretion in various mammalian species, including mouse, rat, and sheep: Kiss1 expression in the ARC is upregulated after ovariectomy and downregulated after estrogen replacement [8, 10, 29] . Exceptionally, an ARC cell population was found to show an increase in KISS1 mRNA expression immediately before the preovulatory GnRH/LH surge in sheep [30, 31] . These reports suggest the participation of ARC kisspeptin neurons in both negative and positive estrogen feedback regulation of GnRH in sheep. Our present data showed that KISS1-expressing neurons are abundantly located in the ARC in both OVX and OVX þ EB pigs, but the number of KISS1-expressing cells was specifically decreased in the most caudal region of the ARC after EB treatment. This suggests that the most caudal cell population of kisspeptin neurons may mediate estrogen negative feedback to regulate GnRH/LH secretion in pigs. It should be noted that abundant expression of KISS1 mRNA was widely detected in both the rostral and mid regions of the ARC, regardless of EB treatment. Further studies are needed to clarify the role of ARC kisspeptin neurons in the regulation of GnRH/LH secretion in the pig.
In summary, we cloned here a full-length cDNA of the porcine KISS1 gene encoding the kisspeptin of 54 amino acid residues with the RY-amide C terminus. The KISS1-expressing neurons were distributed in two hypothalamic nuclei: the PeN and ARC. KISS1 expression in the PeN was markedly upregulated by exposure to estrogen, which mimics the preovulatory level of circulating estrogens, suggesting that PeN kisspeptin neurons are responsible for the positive feedback regulation of estrogen to induce GnRH/LH surge. On the other hand, a small cell population showing estrogenevoked downregulation of KISS1 expression was concentrated only in the most caudal ARC, suggesting that these cells could be involved in the negative feedback regulation of estrogen on GnRH/LH secretion. The present data promise to be useful for translational studies for the development of a novel technology to control reproduction in pigs.
